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ABSTRACT — A previous study showed that single intracisternal administration of p-nitrotoluene into 
neonatal rats caused hyperactivity. To evaluate the neural risk assessment of p-nitrotoluene, it is crucial 
to test the potential of the chemical via environmental exposure route. In this study, we tested the hypoth-
esis that oral exposure to p-nitrotoluene would exhibit the effects observed previously with direct instil-
lation. Oral administration of 600 μg/day p-nitrotoluene into male Wistar rat pups, 5 days to 3 weeks 
of age, caused significant hyperactivity at 4-5 weeks of age. Treated rats were about 1.3 times active in 
the nocturnal phase than the vehicle-treated control rats (p < 0.05). The long-term effects of the chemi-
cal caused a large reduction in tyrosine hydroxylase (TH) immunoreactivity in the midbrain at 7 weeks 
of age, at which terminal deoxynucleotidyl transferase-mediated dUTP nick end-labelling-positive cells 
were detected. Immunohistochemical analysis of glial fibrillary acidic protein also revealed p-nitrotolu-
ene-induced gliosis in the substantia nigra, suggesting neurodegeneration. Furthermore, neonatal p-nitro-
toluene-induced lesion decreased the gene expression levels of dopamine transporter in adult rats. Thus, 
we conclude that p-nitrotoluene via oral exposure route caused rat hyperactivity, concomitant with gliosis 
and impairment of TH immunoreactivity, most likely due to degeneration of dopaminergic neurons.
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INTRODUCTION

Environmental estrogens are originally defined as a 
diverse group of synthetic and naturally occurring com-
pounds that mimic the action of steroidal estrogens. 
These chemicals are called endocrine disruptors or endo-
crine disrupting chemicals. The reproductive effects of 
the endocrine disruptors have been examined.

p-Nitrotoluene is used to synthesize agricultural and 
rubber chemicals. The carcinogenesis of the chemical 
has been extensively studied (NTP, 2002; Dunnick et 
al., 2003). The studies have evaluated the endocrine dis-
rupting nature of such chemicals, including p-nitrotolu-
ene. However, it has been reported that p-nitrotoluene has 
neither estrogenic nor androgenic effects, using the uter-
otrophic or Hershberger assays (Ministry of Economy,  
Trade and Industry, Japan, 2002) or recombinant yeast 
screening (Nishihara et al., 2000). A two-generation 
reproductive toxicity study of the chemical also failed to 

find its effects on the endocrine and reproductive organs 
(Aso et al., 2005).

Although an emerging body of evidence suggests that 
an endocrine disruptor such as bisphenol A exerts its 
effects on the central nervous system (CNS) in rodents 
(Masuo and Ishido, 2011), there is little information about 
the effects of p-nitrotoluene on the CNS. Previously, we 
demonstrated that intracisternal administration of p-nitro-
toluene causes hyperactivity in the Wistar male rat (Ishido 
et al., 2004), following the protocol by Shaywitz et al. 
(1976). They reported that intracisternal administration 
of 6-hydroxydopamine (6-OHDA) in 5-day-old rat pups 
exhibited increased the motor activity, leading to cog-
nitive difficulties in shuttle-box learning between 2 and 
4 weeks of age. Thus, p-nitrotoluene might have strong 
neurotoxicity in the developing rat brain. However, it is 
still unknown if the chemicals exert their neuronal effects 
on the developing brain via the action of endocrine-dis-
rupting nature or yet uncharacterized processes. 
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Since at the present, it is still unknown whether p-ni-
trotoluene passes through the blood-brain barrier. Hence, 
it is crucial to demonstrate that these chemicals might 
induce hyperactivity under exposure scenarios in daily 
life for its neuronal risk assessment. The exposure sce-
nario consists of source, route, and the concentration of 
chemical exposed. Therefore, in this study, we tested the 
possibility that oral exposure to p-nitrotoluene would 
exhibit effects observed previously with direct intracister-
nal administration. 

MATERIALS AND METHODS

Chemicals
p-Nitrotoluene was purchased from Wako Pure  

Chemical Industries Ltd. (Osaka, Japan). The solvent 
30% (w/w) milk oil solution was composed of nonfat 
milk (Meiji Tokyo, Japan) and olive oil (nacalai tesque, 
Kyoto, Japan)

Animals and treatments with drugs or chemicals
Pregnant Wistar rats were obtained from Clea Japan 

(Tokyo). They were maintained in home cages and 
fed with a standard laboratory chow (MF diet, Oriental 
Yeast Corp., Tokyo, Japan) and distilled water ad libi-
tum at 22°C in a light-dark cycle (12 hr/12 hr) for at least 
one week. Approximately 50 male pups were born from  
10 pregnant females, 5-7 of which were randomly housed 
and weaned at 3 weeks of age. 

p-Nitrotoluene was suspended in olive oil alone and 
then mixed with the 30% (w/w) milk-oil solution at a 
1:2 ratio. The chemical solution (600 μg/30 μL/day) was 
orally administered, using a microman (Gilson S.A.S,  
Villiers-le-Bel, France) from 5 days to 3 weeks of age, when 
rats were weaned. This was equivalent to 12~60 mg/kg,  
which has been most commonly used for in vivo toxico-
logical studies. Control rats were injected with vehicle 
alone (30 μL), using the same method. All animals were 
treated humanely in accordance with the guidelines of the 
National Institute for Environmental Studies, Japan.

Measurements of spontaneous motor activity
Spontaneous motor activity was measured at  

4-5 weeks of age, using the Supermex system (Muromachi 
Kikai, Tokyo, Japan), as described previously (Ishido et 
al., 2002). Briefly, a Supermex sensor head comprising 
paired infrared pyroelectric detectors was used to meas-
ure the radiated body heat of each animal. The system 
detected any object with a temperature at least 5°C high-
er than that of the background within a cone-shaped area 
(6-m diameter; 110° vertex). Motion was monitored in 

several directions using an array of Fresnel lenses placed 
above the cage to determine movement in the X, Y-, and 
Z-axes. Activity was measured at 15-min intervals for  
22-24 hr under a 12-hr light-dark cycle. Food and water 
were fully provided at the beginning of counting and the 
rats were not disturbed during the assessment period. 

Immunohistochemistry
Immunostaining was carried out as described previous-

ly (Ishido et al., 2005a). Rats were sacrificed by decapita-
tion at 7 weeks of age. Whole brain samples were fixed in 
10% phosphate-buffed formalin (pH 7.2) and embedded 
in paraffin. Coronal sections (30 μm) were mounted on 
the slides coated with BioBond (British BioCell Interna-
tional, Cardiff, U.K.), deparaffinized, and hydrated. The 
section was then permeabilized with 0.5% Triton X-100 
in phosphate-buffered saline (PBS), and blocked with 
10% normal horse serum plus 4% bovine serum albumin 
for 30 min at 4°C. The sample was incubated with prima-
ry monoclonal anti-tyrosine hydroxylase antibody (1:100; 
Sigma-Aldrich, St. Louis, MO, USA), with primary poly-
clonal glutamic-acid decarboxylase 65/67 (1:200; Sigma- 
Aldrich), or with glial fibrillary acidic protein (1:100;  
Sigma-Aldrich) in the presence of 4% bovine serum albu-
min and 0.05% Triton X-100. After three washes with 
PBS containing 0.1% Tween 20, each sample was incu-
bated with appropriate secondary antibodies conjugated to 
fluorescein isothiocyanate (FITC, 1:200; Sigma-Aldrich), 
tetramethylrhodamine (TRITC, 1:200; Sigma-Aldrich), 
or Alexa Fluors 594 (1:200; Invitrogen) for 60 min at 
room temperature. Each fluorescence-labelled specimen 
was washed twice with PBS and observed under a micro-
scope. Images were captured using Viewfinder Lite ver-
sion 1.0 camera software and a DP-50 digital camera 
equipped with an inverted microscope (IX-70; Olympus) 
or Leica TCS SP5 conforcal microscope system equipped 
with an inverted microscope (AF6000). Four independent 
experiments were performed for comparative immunohis-
tostaining. 

In situ Terminal Deoxynucleotidyl Transferase-
Mediated dUTP Nick-End Labeling (TUNEL)

In situ TUNEL labelling was performed using an  
Apoptotag In Situ Cell Death Detection kit (Intrerigene, 
Purchase, NY, USA) as described previously (Ishido et al., 
1998, 1999, 2005b, 2007), with slight modifications. The 
whole brain sample was fixed in 10% phosphate-buffered 
formalin (pH 7.2) and embedded in paraffin. After depar-
affinization in xylene and rehydration through a series 
of graded ethanol series, the sample was treated with  
20 μg/mL of proteinase K for 15 min at room tempera-
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ture. After washing twice with PBS, H2O2 (2%) was used 
to quench the endogenous peroxidase. The sample was 
then incubated with equilibration buffer for 15 seconds, 
followed by terminal deoxynucleotidyl transferase reac-
tion solution for 1 hr at 37°C in the presence of 5 mM 
digoxigenin-conjugated dUTP and Reaction Stop buffer 
for 10 min. The sample was then blocked in 4% serum 
and 0.1% Triton X-100 in PBS for 30 min with intermit-
tent washes in PBS. The sample was incubated with a 
peroxidase-conjugated sheep anti-digoxigenin antibody 
overnight at 4°C. Finally, the sample was processed for 
the visualization of immunoreactive protein using 3,3′-
diaminobenzidine as the substrate for the colour reaction 
and methylgreen for counterstaining.

Reverse Transcription PCR
Whole brains of control rats or rats treated with p-ni-

trotoluene were removed at 7 weeks of age. Total RNA 
was isolated from the midbrain using RNeasy kit 
(QIAGEN KK, Tokyo, Japan). RT-PCR was carried out 
with OneStep RT-PCR kit (QIAGEN), in which contained 
OmniscriptTM reverse transcriptase, SensiscriptTM reverse 
transcriptase, HotStartTaq® DNA polymerase, 12.5 mM 
MgCl2, and 10 mM dNTP. Forty cycles of thermal cycler 
program were carried out, using the following parame-
ters: 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min. 
Dopamine transporter primers were 5’-CTT GGC ATT 
GTC CTG GCT ACT TTC C-3’ and 5’-CAG CAT AGC 
CGC CAG TAC AGG TTG-3’. PCR products were sepa-
rated by electrophoresis on a 1.5% agarose gel. A photo-
graph was taken with bioimaging system CHEMI GEN-
IUS2 (Syngene, Cambridge, U.K.).

Statistics
Statistical analyses were carried out using the StatView 

Ver. 5.0 software (SAS Institute Japan, Tokyo, Japan). 
Effects of neonatal endocrine disruptors on spontaneous 
motor activity measured for every 2 hr were statistical-
ly analyzed by repeated measures-analysis of variance 
(ANOVA). The total activities during the nocturnal phase 
were analyzed using Student’s t-test. 

RESULTS

We fi rst examined the effects of oral administrations 
of p-nitrotoluene on the developing rat brain. During the 
suckling periods, p-nitrotoluene (600 μg/day), equivalent 
to 12-60 mg/kg, was provided in 20% nonfat milk. Con-
trol rats were administered 30 μL of vehicle alone. p-Ni-
trotoluene increased motor activity during the nocturnal 
phase of the light-dark cycle (Fig. 1). The effects of the 

chemical on spontaneous motor activity were signifi cant 
(p < 0.05). Total spontaneous motor activities of the p-ni-
trotoluene-treated rats in the dark periods (12 hr) were 1.3 
times that of the vehicle-treated control rats (p < 0.05). 
During the light phase, there was no significant differ-
ence in motor activity between the control and treated rats 
(data not shown).

To investigate the long-term effects of the chemical at 
the protein levels, rat brain tissues at 7 weeks old were 
processed for immunoreactivity to tyrosine hydroxyla-
se, a rate-limiting enzyme for catecholamine synthesis. 
The substantia nigra in the control tissue was strongly 
stained with the anti-tyrosine hydroxylase antibody used 
(Fig. 2A). Oral administration of p-nitrotoluene into rat 
pups dramatically reduced tyrosine hydroxylase immuno-
reactivity in the substantia nigra pars compacts, suggest-
ing degeneration in dopaminergic neurons (Fig. 2C). The 
reduction in immunoreactivity of tyrosine hydroxylase 
was observed in the ventral tegmental areas (Fig. 2A ver-
sus 2C). Immunostaining for glutamic-acid decarboxylase 
(GAD), which is involved in γ-aminobutyric-acid synthe-
sis, revealed the immunoreactive enzyme in the substantia 
nigra pars reticulata of both specimens (Figs. 2B and D). 

Fig. 1. Typical patterns of behavioral traits. Spontaneous mo-
tor activity of rats at 4~5 weeks of age after oral ad-
ministration of 600 μg p-nitrotoluene during suckling 
periods was measured using Supermex system. Con-
trol rats were administrated 30 μL of 20% milk oil. To-
tal spontaneous motor activities during the nocturnal 
periods are indicated as mean ± S.E. (n = 5~6). The 
effects of the chemical on spontaneous motor activity 
were significant (p < 0.05, by ANOVA, followed by 
Student’s t-test). 
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This confirms that the effects of p-nitrotoluene are specif-
ic to the dopaminergic neurons.

To examine if this reduction in tyrosine hydroxyla-
se immunoreactivity by p-nitrotoluene reflects midbrain 
neurodegeneration, we performed TUNEL staining using 
brain sections from 7 week-old rats. No labeling was 
found in the substantia nigra of control rats (Fig. 3A). 

In contrast, as shown in Fig. 3B, TUNEL-positive cells 
were detected in p-nitrotoluene-treated brains with nucle-
ar condensation (Fig. 3C), demonstrating that the chemi-
cal caused apoptotic cell death in the substantia nigra. 

Glial fibrillary acidic protein (GFAP) expression is 
increased during activation of astrocytes and astrogliosis. 
Since astroglial activation is also associated with neuro-

Fig. 2. Impairment in tyrosine hydroxylase immunoreactivity. After oral administration of vehicle (A and B) or p-nitrotoluene  
(C and D), coronal sections of rat brain tissues at 7 weeks of age were stained with anti-tyrosine hydroxylase antibody  
(A and C) or anti-glutamic-acid decarboxylase (B and D). The specimens were observed under a fluorescence microscope. A 
schematic drawing of dissection is shown in E. TH, tyrosine hydroxylase; GAD65/67, glutamic-acid decarboxylase 65/67; 
SNc, substantia nigra pars compacta; VTA, ventral tegmental area; SNr, substantia nigra pars reticulata. Scale bar = 100 μm.
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degeneration, we examined the effects of p-nitrotoluene 
on GFAP expression, using brain tissues from 7-week- 
old rats. Large populations of GFAP-positive cells were 
observed in p-nitrotoluene-treated brains (Fig. 4B), com-
pared to control tissues (Fig. 4A), suggesting gliosis 
induced by oral exposure to the chemical. 

Finally, to examine the effect of p-nitrotoluene on gene 
expression levels of dopaminergic tone, brain tissues from 
7-week-old rats were subjected to RT-PCR. As shown in 
Fig. 5, the gene expression of dopamine transporter in the 

midbrain at 7 weeks of age was completely inhibited by 
p-nitrotoluene, indicating that orally administered p-nitro-
toluene affected the dopaminergic system at gene expres-
sion levels, as well.

 
DISCUSSION

In our previous study, we demonstrated that intracister-
nal administration of p-nitrotoluene (87 nmol) in 5-day-
old rats caused hyperactivity (Ishido et al., 2004). DNA 

Fig. 3. In situ TUNEL staining. Sections of brain from control (A) and p-nitrotoluene-treated rats (B) at 7-weeks of age were la-
beled with 5 mM digoxigenin-conjugated dUTP in the presence of 10U terminal deoxynucleotidyl transferase. A higher-
resolution image of the apoptotic nuclei (arrow) induced by the chemical is shown in C. Scale bar = 50 μm.

Fig. 4. GFAP immunostaining shows gliosis in the substantia nigra pars compacta. After oral administration of vehicle (A) or 
p-nitrotoluene (B), coronal sections of brain tissues at 7 weeks of age were stained with anti-GFAP antibody (Red). The 
specimens were then counterstained with DAPI (Blue). Scale bar = 25 μm.
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array analyses further revealed that p-nitrotoluene admin-
istration decreased the gene expression level of the mes-
encephalic dopamine transporter more than two-fold at 
8 weeks of age. Thus, our previous report suggested that 
p-nitrotoluene might affect the developing brain, resulting 
in hyperactivity most likely due to developmental defi cit 
in the dopaminergic neurons. 

In this study, we tested the possibility that oral expo-
sure to p-nitrotoluene would exhibit similar effects 
observed previously with intracisternal administration 
and evaluated the exposure route of the chemical, as well 
as the pathological features after administration. Six hun-
dreds micrograms of p-nitrotoluene was orally adminis-
tered into a pup daily from 5 days to 3 weeks of age; this 
was equivalent to 12~60 mg/kg body weight. The vul-
nerability of the developing brain depends on the dura-
tion of exposure to chemicals (Jacobson, 1991; Rice and 
Barone, 2000). We began chemical administration at 
5-days of age since the developmental processes such as 
differentiation and synaptogenesis are incomplete in the 
5-day-old rats (Vorhees, 1986; Rice and Barone, 2000). 
Weight and growth characteristics of the chemical-treat-
ed rats were indistinguishable. Exposure through the 
oral route led to hyperactivity in rats, concomitant with 
impairment in tyrosine hydroxylase immunoreactivity 
(Fig. 2). The dramatic reduction of the immunoreactivi-
ty by the chemical would refl ect neurodegeneration in the 
substantia nigra since TUNEL-positive cells were detect-
able (Fig. 3). Furthermore, the gene expression of mesen-
cephalic dopamine transporter was largely decreased by 
the chemical (Fig. 5).

It has been demonstrated that tyrosine hydroxyla-
se is an oxidatively labile enzyme whose level of activi-
ty is determined, in part, by redox regulation of disulfi de 
linkage with glutathione (Borges et al., 2002). The toxic-
ity of p-nitrotoluene might be attributed to the degenera-
tion of dopaminergic neurons leading to hyperkinetics of 
the rats as observed in the case of 6-OHDA (Shaywitz et 
al., 1976). The neurodegeneration in the substantia nigra 
by the chemical was strongly suggested by the results of 
TUNEL staining (Fig. 3), although we could not elimi-
nate the possibility of estrogenicity of p-nitrotoluene. 

We also observed gliosis in the substantia nigra 
(Fig. 4). Gliosis is often observed after neurodegenerative 
insults (Ridet et al., 1997). Thus, p-nitrotoulene might 
cause hyperactivity, due to inhibition of the development 
of dopaminergic neuron.

Shaywitz et al. (1976) demonstrated that rat pups treat-
ed with 6-OHDA, a dopaminergic neurotoxicant via intra-
cisternal administration caused hyperactivity. In 6-OH-
DA-treated rat pups, endogenous dopamine was depleted, 
suggesting that endogenous dopamine may be involved 
in the pathogenesis of this disorder. We also showed the 
impairment in immunoreactivity of tyrosine hydroxyla-
se in 6-OHDA-treated hyperactive rats, as well (Ishido et 
al., 2004). 

Locomotor hyperactivity has been associated with not 
only hypodopaminergic but also hyperdopaminergic ani-
mal models, indicating that imbalances in the dopamine 
systems can produce behavioral and cognitive dysregula-
tion (Shaywitz et al., 1976; Viggiano et al., 2003). Hyper-
activity in our animal model might be due to hypofunc-
tioning of dopamine since immunoreactivity of tyrosine 
hydroxylase was largely decreased, refl ecting a dysfunc-
tion in the enzyme pathway. Thus, tyrosine hydroxylase 
may play a crucial role in rat hyperkinesia. 

Hyperactivity among children was fi rst described by 
von Economo (1931) in cases of encephalic lethargica. 
Hyperactivity, sleep disorders and antisocial personali-
ty disorder are all associated with this disease in child-
hood and Parkinsonism was observed in adult cases. This 
suggests that the etiology of hyperactivity in children 
could involve the potentially irreversible degeneration of 
dopaminergic neurons since Parkinson disease is caused 
by the selective loss of dopaminergic neurons. 

Hyperactivity is associated with neurodevelopmen-
tal disorders such as attention-defi cit hyperactivity dis-
order (ADHD) or autism. The symptoms of ADHD and 
autism are inattention, excess impulsivity, and uncon-
trolled hyperactivity (Gillberg and Wing, 1999; Goldman 
et al., 1998). The etiology seems to be, in part, associ-
ated with dopaminergic tone. Dopamine transporter may 

Fig. 5. RT-PCR of dopamine transporter in the midbrain. To-
tal cellular RNA was isolated from control (ctrl) and 
p-nitrotoluene-treated rat (p-n) at 7 weeks of age. 
Dopamine transporter (DAT) transcripts were ampli-
fi ed as described in MATERIALS AND METHODS. 
Size markers are indicated in the left lane (M) and on 
the left margin (bp. base pairs). 
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be involved in the pathogenesis of ADHD, as methyl-
phenidate, which increases the synaptic concentration of 
dopamine by blocking dopamine transporters, has been 
used for the treatment of ADHD. In rodents, dopamine 
transporter-knockout mice show hyperactivity (Giros et 
al., 1996). The present study showed that gene expression 
of dopamine transporter was largely decreased in p-nitro-
toluene-treated rats (Fig. 5).

Thus, although the molecular mechanism is unknown, 
the developmental deficit of several components of the 
dopaminergic system may underlie motor hyperactivity, 
most likely due to chemical-induced neurodegeneration.

Anti-sociality is also one of the characteristics of 
ADHD. Rats are a social species and display behavioral 
social interaction (Murcia, 2005). Social interaction has 
been proposed as the core paradigm to test social behav-
ior in rats. In preliminary experiments, we examined the 
social interactions using two hyperactive rats. Two hyper-
active rats were individually housed in separate home cag-
es for 24 hr before they were placed together in a single 
home cage to examine during the social test. They began 
to look outside, seemingly seeking, without any interest 
in each other for first 5 min in the new environments dur-
ing the light cycle, after which they played with each oth-
er with tackling. In contrast, two normal rats played with 
each other throughout observation. Therefore, chemical-
caused hyperactive rats may not completely lose their 
sociality. 
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